Objectives: Sepsis-induced acute kidney injury is the dominant acute kidney injury etiology in critically ill patients and is often associated with a need for renal replacement therapy. The indication and timing of renal replacement therapy are controversially discussed. We hypothesized that the product of the G 1 -cell cycle arrest biomarkers tissue inhibitor of metalloproteinase-2 and insulin-like growth factor-binding protein 7 ([TIMP-2] × [IGFBP7]), and the soluble urokinase-type plasminogen activator receptor are of diagnostic value for the prediction of septic acute kidney injury courses requiring renal replacement therapy. Design: In this prospective study, critically ill patients were enrolled immediately after the fulfillment of Sepsis-3 criteria. Urinary [TIMP-2] × [IGFBP7] levels over time and serum soluble urokinase-type plasminogen activator receptor levels once at inclusion were measured. The primary endpoint was the development of septic acute kidney injury with the need for renal replacement therapy. Area under the receiver operating characteristic curves, de Long's tests, and logistic regression models were calculated. Setting: Two ICUs at Heidelberg University Hospital between May 2017 and July 2018. Patients: One-hundred critically ill patients with positive Sepsis-3 criteria. Interventions: None. Measurement and Main Results: Nineteen patients required renal replacement therapy. Diagnostic performance of urinary [TIMP-2] × [IGFBP7] improved over time with the highest area under the receiver operating characteristic curve of 0.89 (95% CI, 0.80-0.98) 24 hours after study inclusion. Soluble urokinase-type plasminogen activator receptor levels at inclusion showed an area under the receiver operating characteristic curve of 0.83 (0.75-0.92). The best discrimination ability for the primary outcome measure was achieved for [TIMP-2] × [IGFBP7] at 24 hours after inclusion by applying a cutoff value of greater than or equal to 0.6 (ng/
mL) 2 /1,000 (sensitivity 90.9, specificity 67.1). Soluble urokinasetype plasminogen activator receptor performed best by using a cutoff value of greater than or equal to 8.53 ng/mL (sensitivity 84.2, specificity 82. 7) . A combination of newly tested biomarkers with cystatin C resulted in a significantly improved diagnostic accuracy. Cystatin C in combination with [TIMP-2] × [IGFBP7] 24 hours outperformed all standard renal parameters (area under the receiver operating characteristic curve 0.93 [0.86-1.00]). Conclusions: [TIMP-2] × [IGFBP7] and soluble urokinase-type plasminogen activator receptor are promising biomarker candidates for the risk stratification of septic acute kidney injury patients with the need for renal replacement therapy. (Crit Care Med 2019; 47:e999-e1007) Key Words: acute kidney injury; cell cycle biomarkers; outcome prediction; renal replacement therapy; sepsis; soluble urokinasetype plasminogen activator receptor S epsis-induced acute kidney injury (AKI) is the most common type of AKI in the ICU (1) . Up to 59% of critically ill patients suffer from AKI and sepsis is found to be the causative factor in almost 50% of patients (2, 3) . So far, there is no pharmacological therapy to prevent or treat septic AKI, except for the treatment of the underlying sepsis (4) (5) (6) . Thus, AKI management is limited to supporting measures such as the avoidance of secondary hemodynamic or toxic insults (5) . In 15-20% of patients with sepsis-induced AKI, renal replacement therapy (RRT) is required to preserve metabolic and body fluid homeostasis (2) . The optimal timing of RRT, however, is an ongoing controversy (7) . Randomized controlled trials comparing "early" versus "late" initiation strategies found conflicting results (8) (9) (10) .
There is growing evidence that improved outcomes and avoidance of unnecessary RRT are possible under restrictive RRT strategies by allowing sufficient time for autonomous renal recovery, which is seen in up to 49% of AKI patients (7, 9, 10) . On the other hand, in patients with progressive AKI, the same strategies lead to the highest reported mortality rates; therefore, these patients may benefit from an earlier initiation of RRT (9, 10) . Hence, the early risk stratification of patients with regard to the necessity of RRT by the use of biomarkers of renal stress, damage, and prognosis is urgently needed.
The soluble urokinase-type plasminogen activator receptor (suPAR) is discussed as a molecule of interest in several kidney diseases. This includes focal segmental glomerulosclerosis, diabetic nephropathy, as well as diagnostic qualities for the prediction of chronic kidney disease (CKD) and AKI (11) (12) (13) (14) . Its potential role as a (surrogate) parameter of ongoing inflammatory drivers in the kidneys, suggests suPAR as a biomarker for outcome prediction in septic AKI (11) .
In a recent systematic review, G 1 -cell cycle arrest and tubular stress biomarkers tissue inhibitor of metalloproteinase-2 and insulin-like growth factor-binding protein 7 ([TIMP-2] × [IGFBP7]) were reported as the best biomarker for the prediction of RRT (15) . However, the underlying studies were not designed to predict the necessity of RRT, and the lack of predefined criteria for RRT initiation is likely to affect biomarker performances. In addition, no comparison of biomarker accuracy with routinely available parameters of renal impairment was performed, preventing a final assessment of their additive value for implementation in clinical routine.
We hypothesized that the product of the two cell cycle arrest biomarkers tissue inhibitor of metalloproteinase-2 and insulin-like growth factor-binding protein 7 ([TIMP-2] × [IGFBP7]), and the suPAR are of diagnostic value for the prediction of septic AKI courses with the need for RRT.
MATERIAL AND METHODS

Study Protocol and Population
This prospective, observational study was conducted at two ICUs at Heidelberg University Hospital. The study protocol was approved by the local Ethics Committee of the Medical Faculty of Heidelberg and registered at DRKS.de (German Clinical Trials Register: DRKS00012446). The patients were selected constitutively from May 2017 to July 2018. The criterion for inclusion was the fulfillment of sepsis-3 criteria at ICU admission (≥ 18 yr old) (16) . Written informed consent was obtained from all participants or their legal representatives. Exclusion criteria are provided in the online supplemental methods (Supplemental Digital Content 1, http://links.lww.com/CCM/E952). All patients were treated according to the Surviving Sepsis Campaign sepsis guidelines (17) . Derived from the Kidney Disease Improving Global Outcomes, patients were categorized in three distinct AKI groups, whereby patients with need for RRT were treated as an additional and independent group (18): 1) No or mild AKI (AKI 0/1); 2) moderate or severe AKI without the need for RRT (AKI 2/3); and 3) need for RRT (RRT). Furthermore, we defined five divergent AKI courses, comparing AKI stage at day 1 and day 7: 1) stable AKI 0/1 (stable AKI 0/1), 2) AKI progression form AKI 0/I to AKI 2/3 (AKI 0/1 to 2/3), 3) recovery from AKI 2/3 to AKI 0/1 (AKI 2/3 to 0/1), 4) stable AKI 2/3 (stable AKI 2/3), and 5) AKI progression with need for RRT (RRT). Urinary [TIMP-2] × [IGFBP7] concentrations were measured at 0, 12, 24, and 48 hours ([TIMP-2] × [IGFBP7] 12, 24, and 48 hr) (Table S1, Supplemental Digital Content 2, http:// links.lww.com/CCM/E953). SuPAR levels were measured once at the time of study inclusion (stabile kinetics over 7 d [19] ). Figure 1 shows a flow chart of study design and data analysis.
Clinical Endpoint and Definitions
The primary endpoint was the development of AKI with the need for RRT within 7 days after study inclusion. We used a "delayed strategy" for RRT initiation, as recently described by Gaudry et al (9) to give enough time for autonomous renal recovery: Urea greater than 240 mg/dL, serum potassium greater than 6 mmol/L or greater than 5.8 despite treatment, pH less than 7.15 in the context of pure metabolic acidosis or mixed acidosis (Paco 2 of 50 mm Hg or more without the possibility of increasing alveolar ventilation), acute pulmonary edema due to fluid overload requiring greater than 5 L oxygen to maintain a peripheral capillary oxygen saturation greater than 95% or a Fio 2 greater than 50%. The definition of baseline serum creatinine 
Statistical Analyses
Statistical analyses were performed using SPSS Statistics 25 (IBM, Armonk, NY) and Graph Pad Prism 8 (GraphPad Software, La Jolla, CA). For all analyses, two-sided p values of less than 0.05 were considered statistically significant. Receiver operating characteristics (ROCs) curves were generated to analyze individual biomarker performances. The optimal cutoff level was defined by the highest Youden index (sensitivity + specificity-1). Logistic regression models were generated to assess an additive predictive value of biomarker combinations. DeLong's test was used for the comparison of individual area under the ROC curves (AUCs).
RESULTS
Patient Characteristics and Clinical Outcomes
A total of 100 patients were included into the study (Table  S2 , Supplemental Digital Content 2, http://links.lww.com/ CCM/E953). Six patients died (6%) within 7 days without fulfilling RRT criteria (AKI 0/1: n = 2; AKI 2/3: n = 4) and were therefore excluded from the analyses for RRT prediction (unknown renal outcome), but were considered in the analysis for the combinatory endpoint "RRT or death" (Fig. 1 ). In total, 86 of the remaining 94 patients (91%) developed AKI. No or mild AKI (AKI 0/1) occurred in 33 patients (35%), 42 patients (45%) suffered from moderate or severe AKI without (Table S2, 
Analysis cohort prediction of RRT or death
Analysis of all AKI stages at inclusion AKI stages at study inclusion
Maximum AKI stages within 7 days Table 1, 2; Table S3 , S4, S5a, S6 , S7
Analysis cohorts
Analysis of moderate / severe AKI at inclusion 
Biomarker Kinetics
Patients with the need for RRT showed significantly higher [TIMP-2] × [IGFBP7] levels at all times points compared with patients without the need for RRT ( Fig. S1 , Supplemental Digital Content 2, http://links.lww.com/CCM/E953). When dividing non-RRT patients in maximum AKI stages, a stepwise increase in [TIMP-2] × [IGFBP7] concentrations was observed with higher AKI stages ( Fig. 2A) . At baseline, patients with AKI 2/3 without the need for RRT showed higher [TIMP-2] × [IGFBP7] concentrations than patients with AKI stage 0/1; however, [TIMP-2] × [IGFBP7] levels decreased in those patients, whereas [TIMP-2] × [IGFBP7] levels remained elevated throughout the first 48 hours in patients with the future need for RRT. Significantly higher serum suPAR concentrations were observed for patients requiring RRT (Fig. S1 , Supplemental Digital Content 2, http://links.lww.com/CCM/E953). In patients with maximum AKI 2/3 without the need for RRT, suPAR levels remained in a lower range, matching patients with no or mild AKI ( Fig. 2A) .
When observing the AKI course instead of maximum AKI (Fig. 2B) , patients with stable AKI 0/1 over the observation period showed consistently low median [TIMP-2] × [IGFBP7] levels below 0.3 (ng/mL) 2 /1,000 with no difference between AKI 0 and 1 (Fig. S2 , Supplemental Digital Content 2, http:// links.lww.com/CCM/E953). Patients with progressive AKI (AKI 0/1 to AKI 2/3), improving AKI (AKI 2/3 to AKI 0/1) or stable AKI 2/3 showed increased median [TIMP-2] × [IGFBP7] levels at the time of inclusion, without reaching statistical significance. This trend decreased over 12-48 hours, and patients reached [TIMP-2] × [IGFBP7] levels comparable to levels in patients with stable AKI 0/1. In contrast, the biomarker elevation was prolonged in patients who developed need for RRT. The biggest differences in [TIMP-2] × [IGFBP7] levels were seen 24 hours after inclusion. The highest suPAR levels at baseline were seen in patients who developed need for RRT ( Fig. 2B) , whereas median suPAR levels of other AKI courses remained in a lower range.
Spearman correlation analyses showed no relevant association of the two biomarkers with age, BMI, inflammation, or impairment of liver function and only a moderate correlation of suPAR levels with surrogate parameters of renal function (Table S4 , Supplemental Digital Content 2, http://links.lww. com/CCM/E953). Table 2 illustrates the performance of both biomarkers for RRT prediction in relation to a set of routinely available parameters of kidney impairment, inflammation, and disease severity with AUCs above 0.50 (for AUC < 0.50; see Tables S5a and S5b, Supplemental Digital Content 2, http://links.lww.com/CCM/ E953). [TIMP-2] × [IGFBP7] at 24 hours after study inclusion and cystatin C (CysC), suPAR and SCr at the time of study inclusion showed the highest AUCs of 0.89 (95% CI, 0.80-0.98), 0.84 (95% CI, 0.75-0.92), 0.83 (95% CI, 0.72-0.95), and 0.80 (95% CI, 0.70-0.90), respectively. The best diagnostic accuracy for the tested biomarkers was achieved by using a cutoff of greater than or equal to 0.60 (ng/mL) 2 Of note, when only patients with moderate to severe AKI at study inclusion were analyzed (Fig. 1) The normalization of urinary biomarkers to urinary creatinine (biomarker/creatinine ratio) did not lead to significantly improved performances (Table S7 , Supplemental Digital Content 2, http://links.lww.com/CCM/E953). Figure 3 shows the ROC curves and corresponding AUCs for the newly tested biomarkers in combination with the best standard parameter CysC. Combining CysC and [TIMP-2] × [IGFBP7] 24 hours as well as CysC and suPAR significantly improved the individual ROC characteristics with AUCs of 0.93 (95% CI, 0.86-1.00) and 0.89 (95% CI, 0.82-0.96). CysC in combination with [TIMP-2] × [IGFBP7] 24 hours outperformed all standard renal parameters for the prediction of RRT (Fig. 3) . The combination of CysC and suPAR resulted in a significantly improved diagnostic performance compared with standard urinary parameters and showed a trend toward superior performance as compared with SCr (p = 0.0603), CysC (p = 0.1053) and Sequential Organ Failure Assessment score (p = 0.1212).
Biomarker Performance for Outcome Prediction
Additive Predictive Value of Biomarker Combinations
Combining [TIMP-2] × [IGFBP7] 24 hours and suPAR, however, did not provide any additive diagnostic benefit with a comparable AUC to that of [TIMP-2] × [IGFBP7] 24 hours alone (AUC, 0.89; 95% CI, 0.80-0.99).
DISCUSSION
To the best of our knowledge, this is the first prospective study in septic AKI patients assessing the diagnostic accuracy of [TIMP-2] × [IGFBP7] and suPAR in comparison to standard renal parameters for the prediction of RRT requirement using predefined RRT criteria. The main finding of our study was an improved diagnostic performance of [TIMP-2] × [IGFBP7] values over time with the best discrimination ability 24 hours after study inclusion and a diagnostic superiority toward standard urinary parameters. Furthermore, both [TIMP-2] × [IGFBP7] 24 hours and suPAR provided additive predictive value in combination with the best performing standard renal parameter CysC. The combination of [TIMP-2] × [IGFBP7] 24 hours with CysC outperformed all other tested parameters for the prediction of RRT. RRT patients showed the highest [TIMP-2] × [IGFBP7] and suPAR levels, whereas patients with maximum or stable AKI 0/1 showed consistently low median [TIMP-2] × [IGFBP7] levels below 0.3 (ng/mL) 2 /1,000 over 48 hours and the lowest suPAR levels at baseline. Remarkably, regardless of whether maximum AKI stage or AKI course was studied, the initial increase in [TIMP-2] × [IGFBP7] levels in patients with AKI 2/3 decreased within 12-48 hours, reaching levels of those with maximum AKI 0/1. In contrast, [TIMP-2] × [IGFBP7] elevation persisted longer in patients who developed RRT criteria, suggesting prolonged renal stress despite initiation of therapeutic measures. Unlike AKI after cardiac surgery, usually, no specific time point of injury can be identified in septic AKI. Therefore, and due to the extremely short time frame of biomarker elevation (12-24 hr) in response to renal stress (20, 21) , sequential measurement of [TIMP-2] × [IGFBP7] is essential to predict septic AKI progression. Although the relevance of this finding is limited by the small sample size, the nominal diagnostic accuracy of [TIMP-2] × [IGFBP7] and suPAR persisted in a subgroup analysis of patients with already AKI 2/3 at the time of study inclusion, whereas the performance of surrogate parameters of GFR have tended to decrease.
The current assessment of renal function in critically ill patients is based on the measurement of surrogate parameters of glomerular filtration such as SCr, urea, and urine output (7) . Unfortunately, none of these markers reflect the true damage to the kidneys and are therefore inefficient parameters for renal outcome prediction. Newly discovered biomarkers of renal damage and stress including neutrophil gelatinase-associated lipocalin (NGAL) and [TIMP-2] × [IGFBP7] were suggested as more accurate diagnostic markers and have been intensively investigated for the early prediction of AKI (22, 23) . In particular, the combination of [TIMP-2] and [IGFBP7] ([TIMP-2] × [IGFBP7]) led to a significant improvement in diagnostic accuracy and the development of a point-of-care device (23) . Their value for the prediction of need for RRT, however, is still unclear. Recent evidence comes from a systematic review by Klein et al (15) who investigated the value of several urinary and blood biomarkers for the prediction of RRT. The largest evidence existed for urinary and blood NGAL and CysC with pooled AUCs of only 0.72 (95% CI, 0.64-0.80), 0.76 (95% CI, 0.71-0.80), and 0.77 (95% CI, 0.73-0.81), respectively. Of note, the same review identified [TIMP-2] × [IGFBP7] as the best urinary and overall predictor for RRT with a pooled AUC of 0.86 (95% CI, 0.79-0.93) (15) . However, the data are limited to only four small studies originally designed for general AKI prediction (24) (25) (26) (27) . Three out of the four studies reported AUCs comparable to the results from our study (AUCs 0.83-0.92) (24, 25, 27) with only the study by Koyner et al (26) showing an inferior performance of [TIMP-2] × [IGFBP7] (AUC 0.61). The study of Koyner et al (26) differs, however, in that [TIMP-2] × [IGFBP7] was predominantly measured in patients with mild AKI and once at the time of study inclusion. These results are consistent with our study, which found only fair discrimination abilities for [TIMP-2] × [IGFBP7] at baseline, while we could demonstrate an improved diagnostic accuracy over time. This observation is supported by other authors who showed the best results for [TIMP-2] × [IGFBP7] levels after 12-24 hours, but for AKI prediction in general (21, 24, 28, 29) . One explanation for this time-dependent performance of [TIMP-2] × [IGFBP7] might be the short time frame of biomarker elevation after episodes of renal stress (20, 21) together with a varying extent of renal injury in individual septic patients at the time of study inclusion. The initiation of therapeutic measures may therefore lead to a more dichotomous biomarker pattern in the following 12-24 hours depending on the individual therapeutic success with respect to the kidneys.
It is noteworthy that two other studies examined the performance of [TIMP-2] × [IGFBP7] in septic AKI patients focusing on general AKI prediction (28, 29) . Honore et al (28) investigated the performance of [TIMP-2] × [IGFBP7] for the prediction of moderate to severe AKI (RRT not reported) within 12 hours in 232 septic patients, of whom 40 patients developed AKI (AUC, 0.84; 95% CI, 0.77-0.90; sensitivity, 95.0%; specificity, 37.5%). Cuartero et al (29) prospectively analyzed the diagnostic value of [TIMP-2] × [IGFBP7] for the prediction of AKI in both septic and nonseptic critically ill patients, showing an AUC of 0.80 (95% CI, 0.71-0.89; sensitivity, 73.5%; specificity, 71.4%). The conclusions for the RRT prediction, however, are limited by the small number of RRT patients (n = 5) and the absence of predefined RRT criteria.
Taken together, our results suggest that urinary [TIMP-2] × [IGFBP7] is a potential tool for monitoring the success of renal-directed sepsis therapy with at least comparable sensitivity and specificity characteristics compared with its use as an early predictor of moderate to severe AKI (21, (28) (29) (30) (31) . However, in patients who develop the need for RRT prior to 12-24 hours, a different biomarker with more constant kinetics is required to provide reliable performance at the time of study inclusion.
It is known that suPAR is stably elevated in the first week in critically ill patients (19) and considered a predictor of mortality (32, 33) . In addition, suPAR is increasingly recognized as a predictive biomarker for the future decline of GFR in CKD and discussed as a parameter of ongoing inflammatory processes in the kidneys (11, 13) . Our data suggest that suPAR may also be a valuable biomarker for predicting AKI progression with need for RRT, irrespective of acute impairments of renal function and extent of inflammation. In contrast to [TIMP-2] × [IGFBP7], baseline suPAR values already predicted the future need for RRT with promising diagnostic accuracy.
There are some limitations, which need to be addressed. First, the small sample size represents a main limitation of our study. Although we add novel insights to the literature, we could not prove the statistical superiority of [TIMP-2] × [IGFBP7] or suPAR values overall standard parameters. Therefore, the diagnostic thresholds and trends presented need to be further validated in larger cohorts. Second, despite a comparable time between sepsis diagnosis and study inclusion, most patients with future need for RRT suffered already from AKI 2/3 at the time of study inclusion. This could lead to an overestimation of the diagnostic accuracy of surrogate parameters of GFR such as CysC and SCr as compared with the newly tested biomarkers [TIMP-2] × [IGFBP7] and suPAR. Nevertheless, renal impairment remains a common finding at the time of sepsis diagnosis (28, 34) , especially when Sepsis-3 criteria are applied. Third, [TIMP-2] × [IGFBP7] after 24 hours as compared with baseline values may be confounded by additional renal stress.
CONCLUSIONS
In conclusion, [TIMP-2] × [IGFBP7] levels after 24 hours and suPAR levels at baseline are promising biomarker candidates for the prediction of septic AKI courses requiring RRT. In future studies, a biomarker-assisted stratification of patients to the rather early or later start of RRT compared with a one-sizefits-all strategy needs to be tested to clarify whether biomarkerassisted risk stratification may result in improved outcomes in AKI patients.
